of the metal-dependent RNA triphosphatases, we have
Figure 1. Structural Conservation among Fungal RNA Triphosphatases
The secondary structure of S. cerevisiae Cet1(241-539)p is shown above its amino acid sequence (ScCet1). The sequence of Cet1(241-539)p is aligned to the sequences of the homologous segments of C. albicans Cet1p (CaCet1) and S. cerevisiae Cth1p (ScCth1). Gaps in the alignment are indicated by dashes. Positions of side chain identity and/or similarity in all three fungal RNA triphosphatases are denoted by dots above the aligned sequences. Conserved motifs A, B, and C that define the metal-dependent RNA triphosphatase family are demarcated by the shaded boxes. Protease-sensitive sites within Cet1(241-539)p are denoted by arrowheads.
crystallized a biologically active form of yeast Cet1p and
Cet1(241-539)p monomers in the asymmetric unit. Electron density maps were obtained using multiple isomordetermined its structure at 2.05 Å resolution. The structure reveals the architecture of the active site, the Cet1p-Cet1p phous replacement anomalous scattering methods from two mercury derivatives of the crystal. Phases to 2.8 Å dimer interface, and the surface peptide domain responsible for Cet1p binding to the yeast guanylyltransferase. The were improved by density modification procedures. The structure was ultimately refined to 2.05 Å . Details of the catalytic domain adopts a novel enzyme fold in which an antiparallel eight-stranded ␤ barrel forms a hydrophilic structure determination and refinement are included in Table 1 (Figures 2A and 3 ). truncated Cet1p derivatives (e.g., N⌬200, N⌬230, and N⌬240) was suggested based on analysis of the purified In the dimer, the two tunnels are parallel and oriented in the same direction (i.e., the tunnel "entrances" are recombinant enzymes by glycerol gradient sedimentation (Lehman et al., 1999).
on the same face of the dimer). A surface view of the monomer is shown in Figure 4A looking into the tunnel To gain further insight into the structure of yeast RNA triphosphatase, we purified and crystallized Cet1(241-entrance. Rotation of the molecule rightward and leftward about the vertical axis into the plane of the page 539)p. The crystals were monoclinic (C2) with three R sym ϭ ⌺|I Ϫ ϽIϾ|/ ⌺ I, where I ϭ observed intensity and ϽIϾ ϭ average intensity. R ϭ R based on 95% of the data used in refinement. R free ϭ R based on 5% of the data withheld for the cross-validation test. MFID (mean fractional isomorphous difference) ϭ ⌺||Fph| Ϫ |Fp||/ ⌺|Fp|, where Fp ϭ protein structure factor amplitude and |Fph| ϭ heavy atom derivative structure factor amplitude. Phasing power ϭ root mean square (|Fh|/E), where |Fh| ϭ heavy atom structure factor amplitude and E ϭ residual lack of closure error. Table 2) . Main chain hydrogen bonds between ␤2 and ␤3 form an antiparallel ments that comprise the dimer interface are strands ␤2 and ␤3, helices ␣1 and ␣4, the loop immediately sheet at the dimer interface (see Figure 2B ). preceding ␣1, the loop between ␤9 and ␤10, and the loop between ␣3 and ␣4. (Table 1) . New density corresponding to a manganese ion was discerned within the tunnel
Mechanistic Implications
The structure of Cet1(241-539)p with bound sulfate and cavity ( Figure 6A ). (Manganese density was also detected when the crystals were soaked in 10 mM mangamanganese is construed to reflect that of the product complex of enzyme with the hydrolyzed ␥-phosphate. nese chloride, albeit at lower occupancy.) The manganese was coordinated with octahedral geometry to the The structure suggests a catalytic mechanism whereby acidic side chains located on the floor of the tunnel sulfate, to the side chain carboxylates of essential residues Glu-305, Glu-307, and Glu-496, and to two waters coordinate an essential divalent cation that in turn coordinates the ␥-phosphate. The metal ion would activate ( Figure 6B ). The sulfate is apical to Glu-307. Glu-496 is apical to a water that is coordinated by Glu-307. Gluthe ␥-phosphate for attack by water and stabilize a pentacoordinate phosphorane transition state in which the 305 is apical to another water that is coordinated by Asp-471 and Glu-494.
attacking water is apical to the ␤-phosphate leaving aries, although connectivity and side chain density were poor. Density modification was accomplished using SOLOMON at 2.8 Å (Abra-0.1 M MES (pH 6.5) for heavy atom and MnCl 2 soaks and for preincubation prior to cryo-preservation in stabilization solution containing hams and Leslie, 1996) . Correlation coefficients between the final 2Fo-Fc maps and initial and solvent-flattened maps are reported in 30% sucrose. X-ray data used to solve the structure were collected using cryo-preserved crystals at a laboratory copper K␣ source Table 1 . No noncrystallographic symmetry (NCS) operators were used during density modification, and the resulting maps were of (Rigaku RU200) equipped with a confocal Osmic multilayer system
